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The presence and diversity of marine non-native species, the number of new invasions,
and the impact on native communities and habitats are important metrics used to
assess the health of marine ecosystems. Monitoring for marine non-native species,
using traditional approaches such as rapid assessment surveys (RASs), requires
taxonomic expertise and may still fail to detect rare or inconspicuous species. This
study reports a validation process for a quantitative PCR (qPCR) assay based on the
cytochrome oxidase 1 gene, designed to detect highly invasive tunicate Didemnum
vexillum by targeting environmental DNA (eDNA) present in water samples. The
D. vexillum qPCR assay showed high sensitivity, with the threshold limit of detection
(LOD) and modeled LOD3 (based on triplicate qPCR reactions) estimated as 9.187
and 1.117 copies reaction−1, respectively and the limit of quantification (LOQ) was
calculated as 18 copies reaction−1. Analyses of water samples collected from selected
Pacific oyster farms and recreational marinas in Scotland showed 100% concordance
between the historical data on presence of D. vexillum from RASs and detection
of D. vexillum eDNA. Consistency of detection of D. vexillum eDNA among different
sampling points within each infected sampling site varied, ranging between 100%
positive throughout the site to some sampling points testing “negative” or only as
“suspected” for D. vexillum. Sites with lower within-site detection consistency included
sites with a low density of D. vexillum as reported by RASs or were sites undergoing
D. vexillum management. The present pilot monitoring program demonstrates the
potential to generate important data on presence of D. vexillum. This program will be
scaled up across large geographic regions and used in the first instance to focus and
target the traditional RASs to D. vexillum eDNA-positive sites in a cost-effective way,
with an aim to verify the species presence by visual observation and direct Sanger
sequencing of positive qPCR products.
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INTRODUCTION
The carpet sea squirt Didemnum vexillum Kott, 2002 is a
colonial tunicate native to the Northwest Pacific Ocean including
Japan (Stefaniak et al., 2012). Analyses based on molecular
data have revealed two distinct D. vexillum clades, one clade
(clade B) appears to be restricted to the native region, while the
other clade (clade A) has been introduced to temperate coastal
waters worldwide, and is often highly invasive in these new
habitats (Smith et al., 2012; McKenzie et al., 2017). Biological
characteristics of D. vexillum such as rapid colony growth via
asexual reproduction, early maturation, tolerance to a wide
range of water temperature and depth and ability to spread and
reproduce from small, detached pieces of colonies, all contribute
to the success of D. vexillum as an invader (Valentine et al.,
2007a, 2009; Bullard and Whitlatch, 2009; Morris and Carman,
2012; Forrest et al., 2013; Stefaniak and Whitlatch, 2014; Ordóñez
et al., 2015; Fletcher et al., 2018). In addition, a wide variety
of substrates, including both natural substrates [e.g., gravel,
boulders, subtidal rocks (Bullard et al., 2007; Valentine et al.,
2007b), bryozoans, eelgrass, macroalgae, sponges, tubeworms
(Valentine et al., 2007b; Hitchin, 2012; Carman et al., 2014;
Vercaemer et al., 2015), and bivalve species (Fletcher et al., 2013a;
Vercaemer et al., 2015; Forrest and Atalah, 2017)] and artificial
man-made structures [e.g., harbor, marina, and aquaculture
installations (Pederson et al., 2005; Coutts and Forrest, 2007;
Hitchin, 2012; Bishop et al., 2015b; Cottier-Cook et al., 2019)]
have been reported as suitable for the attachment and successful
establishment of D. vexillum colonies.
Numerous studies have reported the ability of D. vexillum to
alter marine benthic habitats by forming dense mats and reducing
areas suitable for settlement and larval recruitment (Bullard
et al., 2007; Valentine et al., 2007b; Lengyel et al., 2009; Lengyel,
2013; Kaplan et al., 2017). Experimental work using suspended
settlement panels has also shown how D. vexillum can rapidly
colonize available space. However, the ability of D. vexillum to
establish long-term on natural substrates, occupied by highly
biodiverse communities, seems to be site specific and dependent
on the composition of native organisms, the abundance of natural
predators, and the availability of free space (Forrest et al., 2013;
Janiak et al., 2013; Fletcher et al., 2018). International shipping,
regional recreational boating and aquaculture are considered as
the major introductory pathways for D. vexillum (e.g., Tidbury
et al., 2016). Artificial surfaces in ports, harbors and recreational
marinas often support fouling communities that are distinct
from those occurring on neighboring natural seabeds, with a
greater preponderance of non-native species (e.g., Glasby et al.,
2007; Dafforn et al., 2012; Simkanin et al., 2012; Lopez-Legentil
et al., 2015; Rogers et al., 2016). D. vexillum can also form
large biofouling colonies in aquaculture settings, resulting in
large economic losses due to direct impact on biomass of
farmed species and trade restrictions (Dijkstra and Nolan, 2011;
Fitridge et al., 2012; Fletcher et al., 2013a; Forrest and Atalah,
2017). In the United Kingdom, a comprehensive assessment
classified the risk of impact of D. vexillum on the local economy
and environment as high, with the species’ establishment very
likely and eradication difficult once well-established (GBNNSS,
2011). The report also highlighted the difficulty of eradication
and the numerous lessons learnt by unsuccessful attempts in
New Zealand and Wales (Coutts and Forrest, 2007; Forrest and
Hopkins, 2013; Sambrook et al., 2014).
Accurate information on non-native species diversity, number
of new invasions, and impact on native communities and
habitats are important metrics necessary to assess the health
of marine ecosystems and inform management decisions (EU-
COM, 2008). Risk-based and regular monitoring for non-
native species, specifically targeting their introductory hot
spots, is the most cost-effective strategy to ensure rapid
detection of invaders to protect the marine environment
and economy. Long-term monitoring programs often apply
rapid assessment survey (RAS) protocols (Cohen et al.,
2005; Arenas et al., 2006; Bishop et al., 2015a; Nall et al.,
2015; Kakkonen et al., 2019) where a large proportion of
non-native species identification is conducted in the field,
although for some taxa laboratory examination is required.
Field identification enables rapid reporting of findings, with
potential for early management interventions. However, the
accuracy of morphological species identification relies on the
knowledge and experience of the scientists conducting the
RAS. The identification of D. vexillum, directly in the field
is often difficult as the colonies can vary substantially in
color and appearance, and full morphological identification
involves laboratory processing of mature brooding colonies
to enable scoring of several internal characters (Lambert,
2009). Difficulties in D. vexillum identification in the field has
been highlighted recently by the discovery of a new species,
Didemnum pseudovexillum, which can only be distinguished
morphologically from D. vexillum by detailed microscopic
examination of larval and spicule morphology or by DNA
sequencing (Turon et al., 2020).
In the last decade, the continuous advancement of DNA-based
techniques in aquatic monitoring has managed to overcome
some of the uncertainty associated with morphology-based
identification by utilizing well-characterized markers such as
the cytochrome oxidase I (COI) gene and the small subunit
ribosomal RNA region coupled with molecular tools based
on the detection of environmental DNA (eDNA), i.e., DNA
released externally by organisms into the environment (e.g.,
Rees et al., 2014; Barnes and Turner, 2016; Thomsen et al.,
2016). Primarily, two approaches have been applied for the
detection of eDNA. The first, targeted single-species detection
uses conventional PCR, quantitative real-time (qPCR), or digital
PCR and utilizes specific primers and/or probe. The second,
multi-species detection approach by metabarcoding uses generic
primer pairs and high throughput sequencing (see review by
Zaiko et al., 2018). Recent studies have demonstrated that the
detection of invasive non-native species by targeting their eDNA
can be incorporated into routine marine biosecurity surveillance
either at species (Simpson et al., 2017; Wood et al., 2019; LeBlanc
et al., 2020) or community level (Holman et al., 2019; Rey
et al., 2019). This study presents the results of a D. vexillum
monitoring program carried out between 2017 and 2019 in
selected recreational marinas and shellfish aquaculture farms in
Scotland based on detection of target species eDNA by qPCR and
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describes the assay validation process for the use of this assay in
the Northern Hemisphere.
MATERIALS AND METHODS
Sampling Sites, eDNA Sampling and
DNA Extraction
Two Pacific oyster, (Crassostrea gigas, Thunberg, 1793),
aquaculture sites and four recreational marina sites were
included in the present study (Table 1). The selection of sampling
sites was based on known presence or absence of D. vexillum
resulting from previous RAS. Individual 0.5 L water samples
(within the top 50 cm of the water column) were collected
using sterile Gosselin HDPE plastic bottles (Fisher Scientific).
At the aquaculture sites, water samples were collected from
the shoreline during low tide and at the recreational marinas
water samples were collected from the pontoons. The number of
different sampling points (between 2 and 4) was decided based
on the size of each sampling site. The number of water samples
collected at each sampling point varied between sites and years
as summarized in Table 1. The detailed GPS locations of each
sampling point are recorded in Supplementary Table 1.
Water samples were filtered in the field within 1 h of
collection, using sterile 50 mL syringes (Fisher Scientific) and
sterile 0.22 µm Sterivex filters (VWR Merck). During each
sampling visit, 0.5 L sterile seawater (seawater from an offshore
location, autoclaved in the laboratory and transported to the
field in a sterile disposable bottle) was processed as an “in field”
negative sampling control following the same procedures as
for the field samples. Filters were kept on ice in an insulated
polystyrene box, transported into the laboratory, within 12–24 h
of collection, and stored at−20◦C prior to processing. Total DNA
was extracted from the filters using DNeasy Blood and Tissue
extraction kits (Qiagen) using the protocol described by Spens
et al. (2017). DNA was eluted in 100 µL of AE buffer and stored
at−80◦C until sample analysis.
Didemnum vexillum Quantitative PCR
(qPCR) Design–in vivo and in vitro
Specificity
A TaqManTM qPCR assay, consisting of forward and reverse
primers and a probe, was designed from a multisequence
alignment of mitochondrial COI gene sequences from
D. vexillum, closely related didemnid species (Table 2) and
other tunicate species commonly found in the United Kingdom
(Supplementary Table 2). To increase probe melting
temperature (Tm) and ensure a higher specificity of the
assay, considering the low GC content of the D. vexillum COI
gene, a locked nucleic acid (LNA) probe-based qPCR assay was
designed at the 5′ end of the COI gene. Where possible, the
unique nucleotides within the D. vexillum probe region, relative
to the majority species included in the alignment, were selected
as LNA bases (Figure 1). When selecting the D. vexillum-specific
probe region, a particular focus was given to closely related
species that are reported from similar geographic regions to the
present study, such as Didemnum albidum, Didemnum fulgens,
Didemnum maculosum, D. pseudovexillum and Didemnum sp.
ORK1 plus Trididemnum cereum and Trididemnum sp.1. These
taxa were discriminated from D. vexillum by a minimum of
three LNAs within the probe region (Figure 1). Sequences were
aligned using Muscle version 3.8.425 software implemented in
Geneious version 2020.1.1.
In silico assay specificity analysis was carried out using primer-
BLAST (Ye et al., 2012). Assay specificity was further tested
in vitro using genomic DNA (approximately 30 ng µL−1)
extracted from D. vexillum colonies, belonging to eight different
haplotypes [haplotypes 1, 2, 3, 5, 9, and 10 from D. vexillum
clade A and haplotypes 14 and 17 from D. vexillum clade B
(Smith et al., 2015)] (Supplementary Figure 1) and 21 tunicate
species commonly co-existing with D. vexillum and/or common
in the studied geographic region (Supplementary Table 2).
Tissue samples stored in 100% ethanol (Sigma) were processed
according to Graham et al. (2015) and the partial COI gene
fragment was sequenced using the universal tunicate primers
published in Stefaniak et al. (2009) to confirm species identity.
Different combinations of the TaqManTM assay primers (final
concentration: 50, 300, and 900 nM) and fluorogenic-labeled
probe specific for D. vexillum (final concentration: 50, 100, and
250 nM) were tested as recommended by the manufacturer1.
The best-performing combination was 900 nM for both primers
and 50 nM for the probe and these conditions were used
throughout the whole study. Reaction plates (Micro-Amp Optical
96-well plate, Applied Biosystems) were prepared in a UV-
cabinet located in a dedicated clean, positive-pressure room (no
target DNA present) and template DNA was added in a UV-
cabinet located in a separate dedicated pre-PCR room. DNA
derived from preserved tissue or water samples was handled
in separate UV-cabinets. UV-cabinets and all pipettes were
cleaned before and after each use by 10% microsol and 70%
ethanol and weekly with 1% sodium hypochloride solution
followed by 10% microsol and 70% ethanol. In addition to
primers and probe, the qPCR reaction contained 2× PerfeCTa
qPCR Toughmix Low ROX Mastermix (QuantaBio, VWR) and
sterile water (Sigma) up to a total volume of 20 µl. Reactions
were run in triplicate, including three non-target controls
(NTC) on the QuantStudio 5 Real time PCR System (Applied
Biosystems) under the following cycling conditions: 1 cycle of
50◦C for 2 min and 95◦C for 10 min to activate/deactivate
uracil-N-glycosylase (UNG) to degrade potential contaminant
from previous PCR runs, and 45 cycles of 95◦C for 15 s and
55◦C for 1 min.
Limit of Detection (LOD) and Limit of
Quantification (LOQ) of Didemnum
vexillum qPCR Assay
A synthetic double-stranded DNA construct, containing the
D. vexillum qPCR amplicon sequence, was ordered from
www.amsbio.com. The construct also contained an artificial
1https://www.eurogentec.com/assets/10a3bf2d-eedd-452b-b26a-c1e85568c87b/
guide-en-rtqpcr-sample-test-guide.pdf
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2017 June (nr) 4 × 5
July (nr) 3 × 5 July (nr) 3 × 5
August (nr) 4 × 5
September (nr) 3 × 5
October (nr) 3 × 5
November
(nr)
3 × 5 November (nr) 4 × 5
2018 February
(7.3)
3 × 10 February (6.0) 3 × 10
April (9.0) 3 × 5 April (9.2) 3 × 5 April (12.3) 3 × 5
May (12.6) 2 × 5 May (11.1) 4 × 5
June (12.9) 2 × 10









3 × 5 October (8.4) 3 × 5
November
(11.3)
3 × 5 November (11.9) 4 × 5
2019 February (8.2) 3 × 5
May (9.4) 3 × 5 May (9.4) 3 × 10
June (12.6) 3 × 5




September (nr) 4 × 5
Details of locations where each water sample was taken are shown in Supplementary Table 1. At larger sampling sites three or four sampling points were selected to
collect water samples and at smaller sampling sites two sampling points were selected.
∗Number of filters – the first number represents number of sampling points within a site and the second number represents the number of water samples collected
at each sampling.
Nr – not recorded.
universal control sequence (VIC 5′-ACCGTCTAGCATCCAGT-
3′ MGB) targeted by a second specific probe, to distinguish
between “true” D. vexillum positive detection and a potential
contamination with the positive control construct (Snow et al.,
2009). An eleven-point 10-fold serial dilution of the construct
(each in technical triplicates) was set up in a dedicated UV
cabinet located in the post-PCR room and 10−5 (0.1 pg
reaction−1) dilution was established as a working solution for the
D. vexillum positive control, resulting in Cq (quantification cycle)
values of around 20.
To calculate the D. vexillum qPCR assay limit of detection
(LOD) and limit of quantification (LOQ), a seven-point 10-
fold serial dilution of the synthetic construct working solution
was performed to generate a standard curve, ranging between
5.548 × 105 and 0.555 copies reaction−1 (using a copy-number
calculator in www.idtdna.com). Ten technical replicates for
each dilution were run on the QuantStudio 5 Real time PCR
System, using the cycling conditions described above. LOD
was estimated from the standard seven-point curve using two
methods. The first method used a discrete threshold approach
and LOD was defined as the lowest standard concentration of
DNA template that produced at least 95% positive replicates.
The second method used a more flexible curve fitting approach
as described in Klymus et al. (2020) to estimate an effective
LOD for three replicates (LOD3). LOQ was defined as the
lowest standard concentration that could be quantified with a
coefficient of variation (CV) below 35% according to Klymus et al.
(2020). All LOD and LOQ values were estimated using the R
package “ednar”2.
Detection and Quantification of
Didemnum vexillum eDNA in Mesocosm
and Field Water Samples
To test the sensitivity of the D. vexillum assay under experimental
conditions, a mesocosm containing thirteen shucked Pacific
oyster shells each harboring small patches of D. vexillum
(approximately 2 cm2 of colony per shell) was created in a 320 L
2https://github.com/alexd106/ednar
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TABLE 2 | Sequences used for in silico design of D. vexillum species-specific qPCR assay.
Name Accession numbers Publication Region
D. albidum EU419432,56 Stefaniak et al., 2009 United States
D. albopunctatum KC017444 Erwin et al., 2014 Australia
D. apuroto KU221211 Da Silva Oliveira et al., 2017 French Polynesia
D. cineraceum KU221192-93 Da Silva Oliveira et al., 2017 Brazil
D. cuculliferum KU221199, KU221219 Da Silva Oliveira et al., 2017 French Polynesia
D. etiolum KY741541 Akram et al., 2017 India
D. fragile KU221201 Da Silva Oliveira et al., 2017 French Polynesia
D. fulgens KF309576 Lopez-Legentil et al., 2015 Spain
D. granulatum JQ780668, JQ780677, JQ780680, JQ780682, JQ780683, JQ780685 Bouzon et al., 2014 Brazil
KU221190 Da Silva Oliveira et al., 2017 Brazil




D. ligulum KU221198, KU221200,10 Da Silva Oliveira et al., 2017 Brazil
D. lutarium KY111418 Villalobos et al., 2017 United States
D. maculosum& MZ761884 Present study United Kingdom
D. membranaceum KU221213 Da Silva Oliveira et al., 2017 French Polynesia
D. multispirale KC017430 Erwin et al., 2014 Australia
D. mutabile KU221207,23 Da Silva Oliveira et al., 2017 French Polynesia
D. patulum JQ731736, JQ731737 Unpublished Australia
D. perlucidum KX138488,89 Unpublished India
KU883151 Dias et al., 2016 Australia$
KX650790 Unpublished India
D. psammatodes KU221189 Da Silva Oliveira et al., 2017 Brazil
EU742661 Stefaniak et al., 2009 Panama
D. pseudovexillum KF309622, KF309573, MN952978 Lopez-Legentil et al., 2015; Turon et al., 2020 Spain, France
D. sordidum KU221195,97 Da Silva Oliveira et al., 2017 French Polynesia
D. sp1_SLL2012 KC017439 Erwin et al., 2014 Australia
D. sp2 SLL2012 KC017432 Erwin et al., 2014 Australia
D. sp UROCH747_748 EU419407 Stefaniak et al., 2009 New Zealand
D. sp_ORK1& MZ761880 Present study United Kingdom
Trididemnum cereum KF309632 Lopez-Legentil et al., 2015 Spain
Trididemnum sp1& MZ761883 Present study United Kingdom
Only sequences belonging to valid Didemnum species were included. For Didemnum sp. entries only sequences which were included in peer-reviewed
publications were included.
&Sequences generated in the present study.
$Sequenced specimen was collected in Australia however this species is native in the Caribbean area (Lambert, 2002). Species highlighted in bold were tested for
D. vexillum qPCR assay specificity.
plastic tank (12◦C seawater) with a flow-through of 150 L/h. The
tank was housed in a bio-secure aquarium in Marine Scotland
Science, Aberdeen, United Kingdom. The water was filtered
through fluid sand towers to achieve filtration to approximately
10 µm and passed through UV prior to entering the tank room.
Prior to pumping into experimental tanks water was passed again
through UV and filtered through series of 5 and 1 µm filter
socks. After 24 h exposure, 500 mL of water was collected using
a sterile bottle and filtered immediately through a sterile 0.22 µm
Sterivex filter. DNA was extracted from the filter as described
above. A five-point serial dilution of the extracted DNA from
the mesocosm was set up and eight replicates for each dilution
were run on the QuantStudio 5 Real time PCR System, using the
cycling conditions described above.
DNA extracted from all water samples (mesocosm, field study)
was used as a template in qPCR reactions. Preparation and set
up of qPCR reaction plates and cleaning of UV-cabinets was
carried out as stated above. DNA was added to reaction plates
in the pre-PCR room in a separate UV-cabinet to where DNA
extracted from target organism tissue was handled. Each water
sample was run in triplicate, alongside the seven-point standard
curve (also in triplicates) which was used both for target copy
number quantification and as a positive amplification control.
All appropriate negative controls, in “field” negative, extraction
negative and three non-target PCR controls (NTC) were included
on each plate. A mean copy number of the target D. vexillum
DNA in a reaction was calculated for all water samples which
showed a positive detection of the target (Cq ≤ 41) in at least
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FIGURE 1 | Multisequence alignment of D. vexillum and 26 species of tunicates from genera Didemnum and Trididemnum demonstrating nucleotide diversity in the
D. vexillum qPCR assay probe region. Consensus with D. vexillum probe is shown as dots, with mismatched nucleotides shown. The locked nucleic acid bases
(LNA) are highlighted in bold. The taxa highlighted in gray are closely related species co-occurring in the same geographic location as D. vexillum.
two out of three technical replicates (Wilcox et al., 2013; Agersnap
et al., 2017). D. vexillum status at the studied sites was classified
as: (1) detected (if at least one water sample showed a positive
detection in all three technical replicates with a mean copy
number of target reaction−1 > LOD3, or if at least 2 samples
returned two out of three technical replicates with a mean copy
number of target/reaction−1 > LOD3 (Goldberg et al., 2016), (2)
suspected (if only one water sample showed a positive detection in
two out of three technical replicates with a mean copy number of
target reaction−1 > LOD or if multiple samples showed two out
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of three technical replicates with a mean copy number of target
reaction−1 < LOD3), (3) not detected.
RESULTS
Didemnum vexillum qPCR Assay
Specificity
Didemnum vexillum species-specific LNA
(nucleotides in brackets) probe DvexProbe (FAM 5′-
ATAGT{T}{A}GAGCT{A}G{A}TTTAGT{A}TA{A}-3′
BHQ1) was designed to complement forward DvexFP (5′-
CGACTAATCATAAAGATATTAGAACA-3′) and reverse
primer DVexRP (5′-TTCTTGTAGAACTTAATTCTATTCG-3′),
resulting in a 111 bp amplicon of the COI gene (positioned at
bases 26–136 of the complete D. vexillum COI gene, GenBank
accession number KM259616). The assay specificity was tested
on eight different haplotypes of D. vexillum from both clades A
and B (Supplementary Figure 1), including all three haplotypes
from clade A that have been detected in the United Kingdom
(Graham et al., 2015). Tissues from all tested haplotypes returned
Cq values of approximately 20 in all triplicates.
Nucleotide differences in the probe region of the D. vexillum
qPCR assay and mismatches to 46 sequences from 26 species
(genera Didemnum and Trididemnum) are visualized in Figure 1.
Variability across the whole amplicon is shown in Supplementary
Figure 2. Sequence ambiguities were observed for Didemnum
psammatodes COI, with the sequence entry published by
Stefaniak et al. (2009) (Accession number EU472661) for this
species from Panama being identical to D. vexillum in the assay
probe region, whereas the entry published by Da Silva Oliveira
et al. (2017) (Accession number KU221189) from Brazil showed
three nucleotide differences (two of these bases were LNA)
(Figure 1). Considering D. psammatodes has not been reported
from the Northern Europe to date, we did not consider this to be
an issue for the present study.
Due to the design of the D. vexillum qPCR assay at the
5′ end of COI gene, there are significant gaps in the NCBI
nucleotide database for many closely related tunicates in the
region of the DvexFP primer. Only two species of terrestrial
insects, Bombus lucorum and Athalia proxima, were returned by
the primer-BLAST, as possible non-target species (both with four
mismatches in each primer). To further demonstrate specificity
of the D. vexillum assay, DNA extracted from 21 tunicate species
(Table 2 and Supplementary Table 2), was run in triplicate and
no amplification was observed. In particular, no amplification
was shown for closely related species found commonly co-
existing with D. vexillum at the study sampling sites (Table 1),
such as D. maculosum, Didemnum sp. ORK1 and Trididemnum
sp.1 (Figure 1).
Didemnum vexillum qPCR Assay
Sensitivity and Detection of eDNA in
Mesocosm Experiment
Detection of D. vexillum target was recorded in all seven serial
dilution points generated from the positive control construct,
ranging between 5.548 × 105 and 0.555 copies/reaction. The
lowest concentration at which all ten technical replicates detected
the target was 55.48 copies/reaction (average Cq values = 34.53),
90% of replicates showed detection at the concentration of
5.548 copies/reaction (average Cq values = 38.25) and only five
replicates gave a Cq value at the concentration of 0.5548 copies
reaction−1 (average = 39.42). No amplification was observed
in NTCs. The assay efficiency calculated from the straight-line
equation (y = −3.370x + 40.063; R2 = 0.993) generated from
the positive control DNA-based standard curve was 98.02%. The
threshold LOD and LOQ were calculated at 9.187 and 18 copies
reaction−1 and the modeled LOD3 was estimated at 1.117 copies
reaction−1 (Figure 2).
Sensitivity of the D. vexillum qPCR assay in detecting
DNA released by living colonies was assessed in the aquarium
mesocosm, where D. vexillum colonies attached to oyster shells
were held for 24 h prior to water collection. The target
was detected in a sample of 500 mL of water (average Cq
value of 25.70), with estimated concentration of 3416.69 copies
reaction−1 (average value from 8 replicates). Positive detection
of D. vexillum (in all eight replicates) was recorded in the
next four serial dilutions of extracted DNA (the lowest average
concentration of 3.72 copies reaction−1 in 1 × 10−4 dilution of
DNA). In the fifth dilution point of extracted DNA, D. vexillum
was detected in only one out of eight technical replicates
(Cq = 39.54), with estimated concentration of 1.44 copies
reaction−1 (Figure 3).
Detection of Didemnum vexillum eDNA
in Field Samples Collected at Pacific
Oyster Farms and Recreational Marinas
Efficiency of qPCR runs on field samples varied between 92.34
and 109.31% (average 99.27%) with R2 ranging from 0.9830 to
0.9974 (Supplementary Table 3). No amplification was shown in
any field blank controls, negative extraction controls or NTCs.
No detection of D. vexillum eDNA was shown at Kirkwall
and Stranraer marinas throughout the study period. Positive
eDNA detection of D. vexillum was found in samples from the
Pacific oyster farms in Loch Creran and Fairlie and in Largs
and Portavadie marinas throughout the study period, based on
the modeled LOD3 (Figure 4). eDNA signal identity from all
D. vexillum positive sites was verified by sequencing of the qPCR
product and the sequences showed 100% identity to D. vexillum
(Accession number MG833034, Cottier-Cook et al., 2019). There
was 100% concordance between detection of D. vexillum eDNA
and physical observation of the colonies by both site operators
and authors of this study.
Proportions of water samples collected at the four D. vexillum-
positive sites between 2017 and 2019, showing D. vexillum eDNA
concentrations > modeled LOD3 (1.117 copies reaction−1)
(Table 3), are presented in Table 3. D. vexillum eDNA
concentrations only occasionally reached the threshold set for
LOQ (18 copies reaction−1) (Table 3 and Figure 4) and therefore
it was not feasible to infer any accurate quantitative trends
in concentration of D. vexillum eDNA between the sampling
dates and/or sites.
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FIGURE 2 | Limit of detection (LOD) and limit of quantification (LOQ) derived from a 10-fold serial dilution of the synthetic construct containing the D. vexillum target
sequence. Threshold LOD (9.187 copies reaction-1) and modeled LOD3 (1.117 copies reaction-1) for the D. vexillum qPCR assay are shown as solid lines and LOQ
(18 copies reaction-1) is shown as dashed line. Ten technical replicates per dilution were run, with a reaction efficiency of 98.02%.
At the Fairlie farm and Largs marinas, a high
proportion of water samples showed D. vexillum eDNA
concentration/reaction > modeled LOD3 and the eDNA was
detected consistently in all sampling points throughout the
studied period. At Portavadie marina, D. vexillum eDNA
concentration/reaction appeared to be lower (always <10
copies reaction−1) compared to the Fairlie farm and Largs
marina and occasionally one out of three sampling points
tested “negative” or only as “suspected” for D. vexillum (Table 3
and Figure 4). Overall, D. vexillum status was confirmed as
“detected” at all sampling dates at the Fairlie farm and Largs and
Portavadie marinas.
In the Loch Creran farm the proportion of water
samples testing positive for D. vexillum, with eDNA
concentration > modeled LOD3, varied (Table 3). There
was an apparent reduction in D. vexillum-positive water samples
in November 2017 and a further reduction was recorded in May
2018. During these particular sampling dates, only 1/20 water
samples detected D. vexillum eDNA at concentration > modeled
LOD3 (in 2/3 technical replicates) (Table 3) and according to the
stringent eDNA detection criteria set up in this study, the status
was reported as D. vexillum “suspected.” In all other sampling
dates, the status of D. vexillum was determined as “detected.”
Inconsistency in D. vexillum eDNA detection among the four
sampling points within the Loch Creran farm was also higher
compared to the other sites (Table 3).
DISCUSSION
Rapid, sensitive and cost-effective monitoring tools are required
to obtain accurate baseline information on presence and
distribution of marine non-native species from high-risk sites.
Monitoring and management strategies are essential mechanisms
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FIGURE 3 | Sensitivity of the D. vexillum qPCR assay in the in situ mesocosm experiment. Threshold LOD (9.187 copies reaction-1) and modeled LOD3 (1.117
copies reaction-1) for D. vexillum qPCR assay are shown in solid lines and LOQ (18 copies reaction-1) is shown in dashed line.
by which the EU Member States can ensure the Good
Environmental Status (GES) of their seas required by the Marine
Strategy Framework Directive (MSFD) and United Kingdom
Marine Strategy. Under the MSFD Descriptor 2 marine non-
native species baselines should be measured using indicators
such as number of new introductions, total number of
established non-native species and their distribution within the
member state, plus their impact on the ecosystem if established
(EU-COM, 2008).
While traditional RAS are known to be an effective approach
to detect new introductions and monitor known non-native
species populations (Cohen et al., 2005; Arenas et al., 2006;
Bishop et al., 2015a; Nall et al., 2015; Kakkonen et al., 2019),
these require the field deployment of taxonomists or trained
parataxonomists and may still fail to detect inconspicuous species
or the early stages of an incursion. Furthermore, RAS are not
a suitable tool to measure the potential impact of invasive non-
native species on native communities and habitats. In contrast,
DNA-based tools can performed well, with the ease of collecting
water samples offering the potential for scaling up monitoring
efforts. In some countries progress toward incorporating eDNA
into routine surveillance programs has already been initiated,
demonstrating how these tools can contribute to improved
monitoring of marine non-native species (Roux et al., 2020;
Wood et al., 2019; LeBlanc et al., 2020). Performance and ability
of targeted tools such as qPCR to support marine biosecurity
scored high in a review conducted by Zaiko et al. (2018).
Based on a set of predefined parameters, including tool
feasibility, precision, cost-effectiveness, quantitative ability and
early warning applicability, qPCR tools could aid biosecurity,
risk assessments, baseline surveys, early warning, pathway and
impact managements of non-native species. In addition, recent
reviews suggest that environmental genomics, either the more
conventional taxonomy-based approaches or de novo taxonomy-
independent bioindicators, may provide powerful tools to
understand changes in marine communities in response to a
variety of anthropogenic stressors and therefore qualitatively
and quantitatively describe the impact of non-native species
(Cordier et al., 2020).
Specificity of Didemnum vexillum qPCR
Assay
The present study demonstrates both analytical and field
validation for a D. vexillum qPCR assay, based on the COI
gene, for use in the Northern Hemisphere. When using a qPCR
approach to target non-native species, ensuring assay specificity
is an essential component of the validation process (Goldberg
et al., 2016; Thalinger et al., 2021). Specificity testing included
closely related species, many of them occurring in the studied
geographic area as well as co-occurring species distantly related
to D. vexillum. The probe region was selected to maximize the
number of mismatches to ensure assay specificity. Furthermore,
the D. vexillum qPCR assay specificity was increased by
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FIGURE 4 | Positive detection of D. vexillum eDNA expressed as mean copy number per reaction at Loch Creran and Fairlie farms and Largs and Portavadie
marinas. The modeled LOD3 (1.117 copies reaction-1) for the D. vexillum qPCR assay is show in dashed line and LOQ (18 copies reaction-1) is shown in dotted line.
Sampling points within the sampling sites are visualized in different colors.
mismatches in primer regions (Wilcox et al., 2013), including one
mismatch at the 3′ end of the forward primer and a high overall
variability in the reverse primer for the majority of closely and
distantly related co-occurring species (Supplementary Figure 1).
Giving the variability of the COI region within D. vexillum
and, on the other hand, the similarity of the COI region of
D. vexillum to other didemnids, it was difficult to design a robust
and specific assay that could be used to detect the species world-
wide. There was one base pair variation in the assay probe region
for D. vexillum between haplotypes 9 (from clade A) and 13, 15–
18 (from clade B) (Smith et al., 2015) but after in vitro testing of
haplotypes 9 and 17 it appeared that this level of variation did not
impact the ability of this assay to detect these haplotypes.
With regards to the assay’s specificity relative to other tunicate
species, no amplification was observed in the in vitro specificity
analysis, suggesting sufficient specificity of the D. vexillum assay
for use in the studied region (see Supplementary Table 2). It
is important to emphasize the geographic region for which the
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TABLE 3 | Summary of water samples showing positive detection of D. vexillum at each of the studied sites, including average and range of target species copy
number per reaction.




Filters with D. vexillum mean
copy number > LOD
Filters with D. vexillum
copy number > LOQ
Average (range) D. vexillum
copy number/reaction
Loch Creran farm June 17 A, B, C, D 14/20 13/20 1/20 7.10 (0.64–65.65)
August 17 A, B, D 8/15 7/15 0/15 4.68 (1.00–11.15)
September 17 A, B, C 9/15 8/15 1/15 6.59 (0.88–31.18)
November 17 A, B, C, D 5/20 1/20 0/20 1.07 (0.44–2.51)
May 18 A, B, C, D 1/20 1/20 0/20 1.16
July 18 A, B, C, D 9/20 8/20 1/20 5.41 (1.09–20.37)
November 18 A, B, C, D 12/20 10/20 3/20 11.52 (0.89–35.98)
September 19 A, B, C, D 18/20 18/20 11/20 29.63 (2.46–107.01)
Portavadie marina July 17 E, F, G 2/15 2/15 0/15 2.35 (1.91–2.79)
November 17 E, F, G 4/15 4/15 0/15 3.46 (1.23–5.49)
April 18 E, F, G 6/15 5/15 0/15 3.34 (1.03–8.45)
July 18 E, F, G 4/15 1/15 0/15 1.85 (0.71–4.82)
November 18 E, F, G 9/15 8/5 0/15 2.91 (1.04–8.52)
February 19 E, F, G 2/15 2/15 0/15 4.60 (4.05–5.15)
Fairlie farm February 18 H, J, K 27/30 27/30 5/30 12.27 (1.36–25.85)
April 18 H, J, K 11/15 9/15 0/15 2.84 (1.01–8.08)
October 18 H, J, K 15/15 15/15 0/15 7.19 (3.38–14.68)
May 19 H, J, K 17/25 10/25 0/25 2.69 (0.57–16.65)
Largs marina July 17 L, M, N 15/15 15/15 5/15 16.70 (2.34–74.69)
October 17 L, M, N 14/15 14/15 2/15 7.97 (1.40–20.77)
February 18 L, M, N 7/30 6/30 0/30 3.48 (0.86–5.98)
April 18 L, M, N 4/15 4/15 0/15 3.35 (3.34–3.63)
July 18 L, M, N 13/15 10/15 0/15 2.67 (0.53–9.04)
October 18 L, M, N 13/15 10/15 0/15 3.05 (0.70–15.04)
May 19 L, M, N 14/15 13/15 0/15 5.45 (0.81–12.04)
Sampling dates/points in bold are confirmed for presence of D. vexillum and underlined sampling dates/points are suspected for presence of D. vexillum based on the
modeled LOD limits and criteria set in this study.
assay was validated. In the present study the D. vexillum assay
was validated for use in the Northern Hemisphere and will
not necessary be suitable for regions where D. psammatodes is
expected to be present. Therefore, other published D. vexillum
qPCR assays may thus be better suited for studies and monitoring
programs in the Southern Hemisphere (Simpson et al., 2017).
Furthermore, it is highly recommended to confirm the presence
of a target species by direct Sanger sequencing of positive qPCR
products, especially when eDNA detection in a given locality is
a new record or unexpected finding. Repeating the specificity
analysis with closely related non-target species relevant to the
particular geographic region is also advised.
Since approximately 2016, the validation process for targeted
single-species qPCR assays has begun to routinely incorporate
in silico and in vitro analyses (Thalinger et al., 2021), providing
a valuable first insight into qPCR assay specificity. However,
species identification for many different groups of tunicates
remains challenging due to cryptic diversity and issues with
species misidentification leading to errors in entries in the
public sequence repositories. For example, Viard et al. (2019)
documented confusion between the invasive species Botrylloides
diegensis and the native European species Botrylloides leachii,
which highlights the need for well-curated reference material and
sequence data. The reliance on poorly curated sequences can
lead to the design of DNA-based tools which misinterpret the
native versus non-natives status of species. The ability to prevent
or at least recognize false positive detections is essential when
using eDNA-based tools for monitoring of non-native species
due to the high costs associated with follow-up surveys and
management interventions.
Sensitivity of Didemnum vexillum qPCR
Assay
In addition to the specificity of the eDNA assay, clear definitions
of the limit of detection (LOD) and quantification (LOQ) are
essential to generate robust and accurate data. Different templates
are used to generate the LOD and LOQ calibration plots with
either target species genomic DNA (Gillum et al., 2014; Miralles
et al., 2016, 2019; Mauvisseau et al., 2019; LeBlanc et al., 2020),
synthetic DNA constructs (Larson et al., 2017; Harper et al., 2018;
Mirimin et al., 2019; Roux et al., 2020), or a PCR product of the
target gene (Wood et al., 2019) being commonly utilized. The
standards in calculating and reporting these parameters continue
to vary widely in the published literature and consequently
the LOD and LOQ are reported either as a copy number
or concentration of a given target per reaction or microliter.
Moreover, the criteria used to set LOD and LOQ limits vary
significantly, making results of eDNA studies difficult to interpret
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and compare to each other. The present study adopted the latest
proposed criteria for LOD and LOQ set out in Klymus et al.
(2020), and the methods and reporting of results comply with
the minimum reporting criteria for eDNA studies proposed by
Goldberg et al. (2016). Using a synthetic DNA construct, the
D. vexillum LOD was identified as 9 copies reaction−1 and LOD3
as 1.117 copies reaction−1. LOD3 value is comparable to other
published eDNA assays (Agersnap et al., 2017; Harper et al.,
2018; Roux et al., 2020) and hence was selected as the cut-off
point for the field samples collected in this study. Some attempts
to confirm detection limits using water samples collected from
D. vexillum in a mesocosm were made in the present study.
It appears that D. vexillum eDNA can be detected at very low
levels, consistently at 3.72 copies reaction−1 and sporadically
(one of eight replicates) at 1.44 copies reaction−1. However, this
result was only for one water sample from one mesocosm tank
(after 24 h exposure) and therefore additional experiments with
larger numbers of samples are required to accurately predict the
number of qPCR replicates needed to detect D. vexillum eDNA
at low concentration. In this study, it was not financially possible
to carry out more than three technical qPCR replicates for each
filter sample collected, and it is important to view the D. vexillum-
negative detections in this context. It is expected that more qPCR
replicates will be needed if eDNA detection is to be used to
support management interventions such as eradications.
Furthermore, the criteria upon which water samples and/or
sites are classified as either positive, suspected or negative
for a given target are often not clearly specified. This study
takes into consideration remarks by Goldberg et al. (2016) on
reproducibility among collected samples and inferring a positive
detection from a result in a single well. The present study
only accepted the detection of the target based on one positive
sample if all three technical replicates gave a reproducible Ct
value ≤ 41 (Wilcox et al., 2013; Agersnap et al., 2017) and mean
copy number > modeled LOD3. There is urgent need to further
develop the standards for analysis of eDNA data and agree a
set of consistent parameters and criteria for estimating the LOD
and LOQ. Without this standardization, the lack of detailed
methodology and inconsistent reporting will continue to create
uncertainty regarding the robustness of eDNA detection methods
for use in non-native species management and decision making.
Consistency in Detection of Didemnum
vexillum eDNA and Correlation With
Traditional Surveys and Abundance
Concordance between the results of eDNA-based and traditional
surveys has been demonstrated in numerous studies, with some
studies reporting a higher detection success for some marine
invasive species using eDNA, either detected by a single-species
approach (for example Muñoz-Colmenero et al., 2018; LeBlanc
et al., 2020) or metabarcoding (for example Holman et al.,
2019; Rey et al., 2019). The present D. vexillum qPCR assay
demonstrated 100% concordance between physical observation
of this species and detection of eDNA by qPCR in both marina
and aquaculture farm settings. The fact that no D. vexillum
eDNA was detected at Kirkwall and Stranraer marinas is in
keeping with results of traditional surveys carried out at these
sites. At Kirkwall marina, a dedicated marine non-native species
monitoring program has been on-going since 2013, including
RASs and morphological identification of biofouling in scrapes
from marina hard surfaces and deployed settlement panels. This
monitoring program has resulted in the recording of nineteen
non-native species but no D. vexillum was found since the
monitoring began (Kakkonen et al., 2019). At Stranraer marina,
RA surveys and settlement panels have been deployed between
2016 and 2018 (unpublished data, Solway Firth Partnership) and
as in Kirkwall marina, no D. vexillum was recorded.
Presence of D. vexillum in Largs and Portavadie marinas and
Loch Creran and Fairlie farms was confirmed by the authors
of this study both visually and by partial COI sequencing of
collected tissue material. For the majority samples/sites, the
eDNA expressed as mean copy number per reaction was less
than the assay LOQ. Therefore, a quantitative assessment and
comparison of D. vexillum eDNA was not feasible in this study.
For the Fairlie farm (where D. vexillum is present on Pacific
oyster bags and exposed to air during the tidal cycle) and Largs
marina (where D. vexillum is present on marine infrastructures
and remains constantly submerged) there is also no estimate
of D. vexillum abundance based on traditional surveys but its
presence has been reported also by site operators (Beveridge et al.,
2011). eDNA-based monitoring revealed a high proportion of
water samples positive for D. vexillum and the detection was
consistent in all sampling points throughout the studied period.
The abundance of D. vexillum at Portavadie marina
(D. vexillum present on marine infrastructures and constantly
submerged) is thought to be very low: visual observations from
pontoons and two remotely operated underwater vehicle (ROV)-
based surveys in August 2018 and February 2019 (unpublished
data, Marine Scotland Science) detected only 10 small colonies.
This low abundance was reflected in low concentration of
D. vexillum eDNA and lower proportion of positive water
samples at each sampling point compared to Largs and Fairlie
sites. eDNA data collected in Portavadie marina shows an
increase in false negatives when detection probabilities are low,
and this may be due to low concentrations of the target species
eDNA, inconsistent release of eDNA and/or imperfect mixing
of eDNA in the water column (Ficetola et al., 2015; Furlan
et al., 2016). Whilst the sampling effort in the present study was
sufficient to confirm D. vexillum at Portavadie marina, a further
study is being prepared to better understand the false negative
rates at sites where D. vexillum is present at low abundance and
to inform sampling and laboratory strategies.
The abundance of D. vexillum at the Loch Creran farm
(D. vexillum present on Pacific oyster bags and exposed to
air during the tidal cycle) was expected to be the highest of
all studied sites, based on the results of annual farm surveys
between 2016 and 2019 (unpublished data). The Loch Creran
farm site is substantially larger than the other sites and is an
active site in terms of movement of shellfish stock within and
out of the farm. In terms of LOQ, the D. vexillum eDNA
concentrations were only sporadically higher than the LOQ
threshold, although in September 2019 a large proportion of
samples crossing this threshold was observed (Table 3 and
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Figure 4). In November 2017, there was an apparent decrease
in the proportion of water samples for which the mean copy
number/reaction reached values higher modeled LOD3. This
decrease fits well with operational activities ongoing on the site
during this time, and may be linked to the removal of Pacific
oyster bags colonized by D. vexillum. Reduced detection of
D. vexillum eDNA in May 2018 could therefore be a reflection
of the reduced abundance of D. vexillum on the site following
the management interventions in the previous year. Studies
utilizing eDNA to assess efficacy and success of aquatic invasive
species eradication programs are beginning to emerge, especially
for freshwater species in lentic habitats (Davison et al., 2017;
Furlan et al., 2019). In the marine environment, subject to
constant mixing of the water column by tidal currents and wind
action, a more intensive sampling strategy will be needed to
achieve high detection probabilities at low target densities (Wood
et al., 2019) if eDNA-based methods to be used as a tool to
support invasive species eradications. In addition, the number
of biological and technical replicates will need to be carefully
considered before applying these methods to inform marine
invasive species eradication programs.
Seasonality in Detection of Didemnum
vexillum eDNA
Fluctuations in eDNA concentrations associated with a target
organism’s life strategies have been observed in freshwater
(Buxton et al., 2018) and marine environments (Takahara et al.,
2019), with higher concentration of eDNA being detected
during the summer months, associated with increased growth
and/or spawning seasons. The impact of seasonality and the
D. vexillum life cycle on the detectability of eDNA was not
the primary objective of the present study and therefore only
limited inference can be made. In Loch Creran and Fairlie farms
and Largs and Portavadie marinas the status of D. vexillum
appears to be established and during the winter months when
D. vexillum is not expected to release larvae and exhibits only
limited growth (Valentine et al., 2009; Fletcher et al., 2013b),
90 and 20% of water samples tested positive for D. vexillum
(>modeled LOD3) at Fairlie farm and Largs marina (February
2018) respectively. A smaller proportion of samples (13% of
samples > modeled LOD3) tested positive for D. vexillum in
February 2018 in Portavadie marina, and this could reflect a
further decrease in concentration of D. vexillum eDNA during
slow growth period at this site. As a result of our limited
data further studies are required to fully explore the variability
of eDNA detection over D. vexillum reproductive cycles and
across seasons to optimize sampling strategies and inform
management decisions.
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Supplementary Figure 1 | Variability within the D. vexillum qPCR assay forward
primer and probe region for 23 D. vexillum COI haplotypes. Variable nucleotides
are shown in green and haplotypes tested in the present study are shown in bold.
Haplotypes 1–10 belong to clade A and haplotypes 11–23 belong to clade B
(Smith et al., 2015).
Supplementary Figure 2 | Multisequence alignment of D. vexillum and 26 other
species from the genera Didemnum and Trididemnum demonstrating nucleotide
diversity in the complete D. vexillum qPCR assay amplicon. Consensus with the
D. vexillum assay is shown as dots, with mismatched nucleotides identified.
Supplementary Table 1 | Location of each sampling point.
Supplementary Table 2 | List of tunicate species coexisting with D. vexillum in
the United Kingdom included to assess D. vexillum qPCR assay specificity. All
tissue material was confirmed to species by sequencing of the partial COI gene
using primers published in Stefaniak et al. (2009) and showed 100% identity to the
published sequences. &Novel sequences obtained in the present study.
Supplementary Table 3 | Quantitative PCR (qPCR) performance parameters.
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